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Abstract: Pollen analysis provides a powerful tool for understanding past human activity and its 
impact on the environment. This is due to pollen being preserved in a wide range of sedimentary 
environments and pollen being derived from, and therefore providing a record of, vegetation 
beyond the sampling location. While the basic premise of pollen analysis has remained constant 
since the pioneering work of Lennart von Post 100 years ago, methodological approaches for 
interpretation of pollen records have continued to evolve. Large datasets can now be compiled for 
identifying and exploring the complexities of pollen data temporally and spatially. Here two 
Holocene pollen stratigraphic changes in the British Isles are focused upon: the Ulmus and Tilia 
declines. Methodologies for examining the chronological controls on the timing of these changes 
and disentangling the processes recorded in pollen data are presented. Of particular note are the 
complexities of separating human impacts from natural processes in coastal wetland records which 
have been one of the main sources of pollen data from lowland England. We argue that it is only by 
unravelling the complexities of both the chronological and pollen data that extant theories on the 
interaction between past human activity and vegetation change can be rigorously tested. 
 
Over the last 100 years, pollen analysis has become one of the most widely used 
palaeoenvironmental techniques. Its development can be traced back to the early work of 
Lennart von Post, most notably in his 1916 key address in Kristiania (now Oslo) entitled 
Skogsträdpollen I sydsvenska torvmosselagerföljder (Forest-tree pollen in south-Swedish 
peat layers), which is widely regarded as the birth of modern quantitative pollen analysis 
(see Fries 1967). 
Within the British Isles studies of vegetation history can be traced back to Samuelsson 
(1910) who reported the presence of various pollen and spore taxa in peats from northern 
Britain. However, it was the more extensive investigations of Erdtman (1924; 1926; 1928) 
which first demonstrated the potential of the technique in Britain. More researchers took 
up the mantle (e.g. Blackburn 1931; Godwin 1934) and pollen analysis became recognised as 
an essential tool for reconstructing past changes in vegetation composition, sensing human 
impact and in palaeoclimatic reconstruction; in respect of the latter it was particularly used 
as a means of defining and sub-dividing the Holocene and Pleistocene interglacials (e.g. 
Turner & West 1968). 
In the pollen zonation schemes devised for the British Isles (Godwin 1940a; b; Jessen 1949) 
the divisions are numbered in the same manner of those from Scandinavia, with zone I at 
the base attributed to the Late Weichselian (Devensian) Older Dryas and the final Late 
Holocene period assigned to zone VIII. At the time of defining these pollen zones it was 
recognised that there were regional variations, such as differences in the native tree flora 
between the Irish and English records. As the number of pollen studies increased the 
complexity in the data became increasingly apparent. Even so, these pollen zones, and the 
corresponding Blytt-Sernander climatic periods, remained embedded and are still used by 
some researchers today. 
Pollen zones remained one of the main tools for establishing the relative age of sedimentary 
sequences until the invention of radiocarbon dating in the late 1940s (Libby 1952). This 
technique finally provided an independent and widely applicable means of dating Holocene 
organic material. British-based laboratories began supplying dates from the mid-1950s, a 
development which eventually enabled the validity of the British pollen zonation scheme to 
be re-evaluated. By the early 1970s, Smith & Pilcher (1973) were able to use radiocarbon 
dates to conclusively demonstrate that these pollen zones are diachronous, leading Birks 
(1982: 100) to state that there is ‘no scientific reason to continue using Godwin's pollen 
zones in any chronostratigraphic sense'. The ability to derive independent chronologies for 
pollen sequences enabled exploration of spatial and temporal patterns in vegetation cover, 
such as isochrone maps of pollen abundance (Huntley & Birks 1983) and studies of the 
timing and rate of post-glacial tree colonisation within the British Isles (e.g. Birks 1989; 
Chambers & Elliott 1989). 
The adoption of radiocarbon dating in pollen analytical studies provided a platform for 
moving beyond identifying generalised patterns of vegetation development enabling the 
complexities of vegetation composition and change in time and space to be sensed (e.g. 
Bennett 1988). This has been especially important for studies of past human activity, given 
that such activity is likely to have greater stochasticity in both the timing and extent of the 
impacts upon vegetation compared to, for example, Holocene climate change. The 
availability of independent chronologies has demonstrated that pollen data contains 
significant complexities and uncertainties that need to be embraced and better understood. 
The British pollen resource 
In the 60 years since the adoption of radiocarbon dating there has been a steady growth in 
the number of studies using this technique as the main chronological control. Across the 
British Isles there are now over 2150 dated pollen sequences with over 8700 associated 
radiocarbon dates (Figure 1). Mitchell et al. (2013) have collated a list of such sites from 
Ireland, with a database of the remainder of the UK currently in development (Grant, 
unpublished), building upon previous work such as Birks (1989), Caseldine (1990), Lowe & 
Tipping (1994) and Suggitt et al. (2015). Unfortunately only the results of a few of these 
pollen datasets have been placed in open access archives such as the European Pollen 
Database (Fyfe et al. 2009). As a result most regional syntheses are forced to use pollen 
records in the form in which they were published, and therefore encounter significant 
difficulties, such as variations in the way pollen percentages have been calculated. 
[INSERT FIGURE 1 HERE] 
The dataset shows that there has been a significant increase in the number of dated pollen 
sequences since the early 1970s. A peak was reached in the period 1995-2000 when over 
400 individual sequences were published (Figure 2). 
 [INSERT FIGURE 2 HERE] 
The increase in studies is mirrored by a proportional increase in the number of radiocarbon 
dates. However, the mean number of radiocarbon dates per study between 1975 and 2015 
has remained fairly stable fluctuating between of 4-5 dates per sequence (Figure 3). This 
value hides the extremes within the dataset where the most intensely dated sequences, 
mainly those associated with defining the chronology of the Late-Glacial period (e.g. Walker 
et al. 2001; 2003; Lowe et al. 2004), have 40-75 dates per sequence. Unfortunately, over 
half of the dated pollen sequences only have one radiocarbon date associated with them. 
While a single date may provide an age estimate for a particular pollen stratigraphic event, 
such dates are unable to provide any information on the temporal resolution of the 
sequence (in the absence of any other chronological controls such as tephra), the rate over 
which vegetation change occurred, or any check on the reliability of the single date 
obtained. 
[INSERT FIGURE 3 HERE] 
Chronological controls on pollen data 
The methodologies used to generate radiocarbon dates, and how site-chronologies are 
constructed, have changed significantly over the past 60 years. Early radiocarbon dating 
used conventional (beta counting, sometimes referred to as ‘radiometric’) techniques, such 
as gas-proportional counters and liquid scintillation counters, which detect and count β 
emissions from 14C atoms. These typically rely upon large samples (generally therefore large 
vertical thicknesses of sediment) often containing an assortment of organic remains (above-
ground remains, roots, rootlets, transported fine organic matter, etc.) which may not truly 
reflect the in situ age of sediment deposition. In addition, although such a date might be 
associated with a pollen stratigraphic change, the volume of material required for dating 
(typically 10-100g dry weight) will often result in a sample spanning a wider vertical depth 
range (e.g. 5-10cm) than that associated with the change in pollen values. The subsequent 
development of Accelerator Mass Spectrometry (AMS) radiocarbon dating in the 1970s 
permitted the dating of smaller samples (typically 100mg to 1g dry weight) and specific 
remains, such as identified seeds, whose taphonomy is understood. The smaller sample size 
for AMS also allows greater vertical control on the position of the sample material in the 
sediment core (e.g. samples from ≤1cm vertical thickness) and the opportunity for multiple 
assays associated directly with a pollen-stratigraphic event.  
Although AMS dating has provided the opportunity to date identifiable material, suitable 
sediment may not always be available (e.g. at some sites only highly humified peats, where 
plant macrofossils have not survived, are present). Smaller AMS samples have the inherent 
risk of any contamination present having a greater influence on the resultant age 
determination (Shore et al. 1995: 382). For this reason AMS dating programmes reliant upon 
bulk sediment have often used replicate aliquots from the extracted humin and humic acid 
fractions (e.g. Bayliss et al. 2008; Shore et al. 1995). Where these paired measurements are 
statistically consistent, more confidence can be placed in the estimated date of the deposit 
(Bayliss et al. 2008). However due to the complex taphonomy of these samples and the 
likelihood of anomalous results, sample replication is essential (e.g. Griffiths et al. 2015; 
Howard et al. 2009), especially in complex environments such as river floodplains.  
It is well-established that radiocarbon age determinations do not directly equate to calendar 
years (Reimer et al. 2013; Stuiver and Suess 1966; de Vries 1958; Willis et al. 1960) because 
atmospheric radiocarbon concentration varies through time due to changes in the 
production rate, caused by geomagnetic and solar modulation of the cosmic-ray flux, and 
the carbon cycle. As a consequence it is important that the uncorrected radiocarbon age 
(conventional date) is converted to a calibrated (cal) age. The calibrated age allows direct 
comparisons to be made with other dating techniques, historical / archaeological records, 
and investigation of the rate of change within a single record, as well as testing the 
alignment and synchroneity of events between different pollen sequences (see Blaauw 
2012; Blaauw & Heegaard 2012; Parnell et al. 2008). Calibration curves have been generated 
to enable radiocarbon calibrations, including the IntCal series (Reimer et al. 2013; Hogg et 
al. 2013), Marine series (Reimer et al. 2013) and, for samples dating after AD 1950, the 
Bomb series (Hua et al. 2013). Statistical programs available to undertake these calibrations 
include OxCal (Bronk Ramsey 1995; 2001; 2009), BCal (Buck et al. 1999) and CALIB (Stuiver & 
Reimer 1993). The calibration process uses a probability method (Stuiver and Reimer 1993) 
where the probability distribution of the radiocarbon age is converted to the calendar scale 
through the calibration curve. The process of calibration adds an extra level of complexity 
(Bennett 1994) as the resultant probability distribution of the calibrated radiocarbon date is 
not Gaussian (Telford et al. 2004) and will not result in a single value for the calibrated date. 
Further complexities are introduced as direct radiocarbon dating of all pollen stratigraphic 
changes will not be possible due to constraints in budget, the availability of datable 
material, the technique used (as discussed above) and the research questions being 
addressed. To overcome this age-depth models can be generated to provide age estimates 
for the undated depths within stratified sequences. Such models are based upon a number 
of assumptions, including sample taphonomy (how the dated sample came to be in the 
context from which it was recovered; Bayliss 1999), errors associated with each date (e.g. 
sources of old carbon and the measured error range; Scott et al. 2007), variations in the 
radiocarbon calibration dataset (to convert a date from radiocarbon years into calendar 
years) and assumptions over sediment accumulation rates (e.g. basin morphology, sediment 
influx or carbon accumulation rates; Bennett & Buck 2016; Clymo 1984; Yu et al. 2003). 
The simplest age-depth models, often referred to as ‘classical age-depth models’, seek to fit 
a curve or line (e.g. linear interpolation, splines, and linear regression models) to a series of 
age-depth points, based upon a series of radiocarbon dates which have been individually 
calibrated, with anomalous / outlier dates typically rejected a priori or after producing the 
model (Bennett 1994; Blaauw 2010; Blaauw & Christen 2005; Telford et al. 2004). Linear 
interpolation, the most popular of these methods, consists of connecting calibrated ‘mid-
points’ of dated levels using linear sections often taking no account of the probability 
distribution associated with each calibrated date (Bennett 1994). The tendency of the pollen 
community to obtain single radiocarbon dates for pollen stratigraphic events rather than, 
for example, paired dates either-side of the event, results in age models that assume that a 
deposit accumulated linearly between each dated level, and that changes in sediment 
accumulation rate took place abruptly and exactly centred upon these pollen events. This 
dating approach can also lead to failure to identify hiatuses within sequences that may have 
produced the change in the pollen assemblage. 
Bayesian age-depth models differ from classical age models as they are based upon the 
existence of a prior probability distribution inference in order to provide fully probabilistic 
estimates of the uncertainties in sample ages via application of Bayes’ theorem. The models 
use a Bayesian form of Markov Chain Monte Carlo analysis and a prior rule that sediment 
age increases monotonically with depth. Other prior information that can be incorporated 
include the presence of hiatuses or outlying dates (statistically 1 in 20 dates will be outliers), 
an understanding of the controls upon, and rates, at which the depositional basin will 
accumulate sediment, and other age constraints, including time parallel markers such as 
dated tephra horizons, or other radiometric chronologies (e.g. 210Pb and 137Cs). The method 
tests sequentially all possible combinations for the highest probability match between the 
new site chronology and the radiocarbon calibration model, and can statistically produce 
interpolated age estimates for every depth of the core. These Bayesian models are also very 
successful when there is a degree of scatter in the original radiocarbon dates and inversions 
in age-depth relationships. Bayesian statistical methods have been applied to constrain 
radiocarbon dates for many years (e.g. Buck et al. 1991; Buck et al. 1992), though it is only 
more recently that the software for Bayesian age-depth modelling has become easily 
accessible through programs such as Bacon (Blaauw and Christen 2011), OxCal (Bronk 
Ramsey 2008) and BChron (Haslett and Parnell 2008). Parnell et al. (2008) have 
demonstrated the suitability of such Bayesian approaches for testing the synchroneity of 
pollen stratigraphic events and elucidating spatial and temporal patterns of past vegetation 
change. 
Temporally aligning pollen records from multiple sites has become more important as 
models which aim to quantitatively reconstruct vegetation have been developed and 
increasingly adopted. The Landscape Reconstruction Algorithm (LRA) of Sugita (2007a; b) is 
reliant upon a nest of dated sequences within a landscape consisting of both large and small 
sites, preferably lake basins. The algorithm produces estimates of past regional land cover 
from regional pollen input recorded by the larger sites (using the REVEALS program), which 
can then be combined with the pollen record from the smaller sites to identify local 
variations in the pollen rain (using the LOVE program) and therefore quantify stand-scale 
vegetation cover and change. In order to accomplish this it is essential to identify the pollen 
data (samples) in each of the selected sites that is of equivalent age. As chronological 
controls are often limited across large, especially legacy, datasets, appropriate broad 
chronological time slices (bins) are selected to ensure that the aggregated pollen samples 
within each bin are coetaneous (e.g. Fyfe et al. 2013; Mehl & Hjelle 2016). Such studies will 
typically therefore only be able to resolve changes in land cover at 250-500 year intervals. 
Temporal complexities within pollen data 
Temporal resolution is not only determined by the dating strategy but also the sampling 
resolution of the pollen data itself, with fine resolution sampling across changes in pollen 
stratigraphy having the ability to resolve events occurring on scales of between a few years 
to several decades, whereas wider spacing may only capture centennial-scale shifts in 
vegetation and not actually sample the event itself. These issues are demonstrated through 
a discussion of the mid-Holocene Ulmus (elm) decline, which is widely considered as an 
episode of woodland disturbance and regarded as being synchronous, occurring c. 5800 cal. 
BP (Parker et al. 2002). Used to mark the VII (Atlantic) – VIII (Sub-boreal) pollen zone 
boundary the Ulmus decline was initially attributed to climate change in the form of 
increasing continentality (e.g. Iversen 1944), then human activity (Troels-Smith 1960). 
Peglar’s (1993) work on annually laminated sediments indicated that the major fall in Ulmus 
values at Diss Mere, Norfolk, occurred over a 6 year period. However when a wider number 
of sites across the UK exhibiting declines in Ulmus values are examined a variety of patterns 
are apparent including seemingly gradual declines. Over the last 30 years a broad consensus 
has emerged that because of the complexity and variability of the associated pollen 
stratigraphic changes, the Ulmus decline cannot be explained by a single process, though 
given its apparent synchroneity and widespread expression a pathogen is thought likely to 
have had at least a partial role (e.g. Waller 2013). Most of the work on the causal processes 
associated with Ulmus declines is based upon detailed studies from individual sites. Larger 
multiple site studies / syntheses have regularly focused more upon the chronology of the 
decline rather than associated pollen stratigraphic changes (e.g. Smith & Pilcher 1973; 
Parker et al. 2002; Whitehouse et al. 2014), often seeking to demonstrate large scale 
synchroneity / asynchroneity. 
Before such issues can be discussed it is first necessary to establish the pollen stratigraphic 
changes which define this ‘event’. It is generally assumed to be ‘the sharp and often 
permanent decline in Ulmus pollen around c. 5800 cal. BP’ (Parker et al. 2002). However, 
multiple Ulmus declines have long been recognised, with Oldfield (1953) defining the first 
decline in values as the 'primary' Ulmus decline, with secondary declines post-dating this 
event and separated by phases of apparent Ulmus regeneration. This pattern of multiple 
declines has subsequently been shown to be widespread in the British Isles (e.g. Hirons & 
Edwards 1986; Tipping 1994). Without a formal and systematic definition of what 
constitutes a ‘primary’ Ulmus decline there is a danger of reinforcing the apparent 
synchroneity (Baillie 1991) of the 'primary' event by selecting dated declines that are 
correlated closely with the accepted age (Tipping 1994; Andersen & Rasmussen 1993).  
Multi-site analysis of such pollen stratigraphic changes requires a systematic approach that 
considers only sites that meet defined criteria. Given the known presence of multiple Ulmus 
declines, the primary decline is defined here as the first sustained reduction in Ulmus 
values. Any subsequent declines in Ulmus values, if present, can be termed secondary, 
tertiary etc using the same criteria. It is also necessary to exclude declines which do not 
conform to the accepted pattern of the ‘event’. For the purpose of this reconsideration we 
have used declines that are constrained within the broad time frame 7000-5000 cal. BP, 
thereby excluding early Holocene (pre-7000 cal. BP) declines where reductions in Ulmus are 
often associated with the arrival and expansion of major pollen producers, such as Quercus 
and Alnus glutinosa. We define the start of an Ulmus decline as the point at which Ulmus 
pollen values begin to fall to sustained lower levels, while the end of a decline is the point 
where values either cease to decline or begin to recover. Ulmus values must exceed 2% of 
the pollen sum prior to the decline. The reduction in Ulmus should be substantial (>60% 
reduction from the pre-decline Ulmus percentage) and these lower values should be present 
for at least two contiguous samples post-decline. These criteria provide a starting point for 
attempting to generate some consistency in identifying the presence of a decline. 
It is also important that the dataset be critically examined to determine whether the decline 
in Ulmus pollen is likely to reflect a change in the abundance of Ulmus. Such stratigraphic 
changes in percentage pollen sequences can be divided into ‘apparent’ and ‘genuine’ 
categories (Grant et al. 2011). ‘Apparent’ Ulmus declines occur where reductions in pollen 
values do not appear to reflect either chronologically, or in actual vegetation abundance, a 
reduction in Ulmus in the source area. For example, where a hiatus is suspected or where 
simultaneous percentage reductions in pollen values of a number of arboreal taxa can be 
attributed to changes resulting from temporary fluctuations in the abundance local wetland 
taxa (e.g. large increases in Cyperaceae or Alnus glutinosa values), with a subsequent 
recovery once the wetland taxa return to their earlier level. ‘Genuine’ declines are those 
that occur at sites with continuous sedimentary records and appear to reflect changes in the 
abundance of Ulmus in the vegetation of the source area. The latter can then be further 
scrutinised to identify causal processes, which could be natural (e.g. climate change, 
disease) and/or relate to the impact of human activities. 
For England, from a pool of 87 dated Ulmus declines defined by their original authors as 
related to the mid-Holocene Ulmus decline, we found that only 45 meet our criteria and 
appear to be ‘genuine’ declines. This demonstrates the danger of defining declines simply 
on the basis of reductions in Ulmus pollen values coinciding with mid-Holocene radiocarbon 
dates, with the potential for ‘apparent’ processes, such as stratigraphic breaks or local 
changes in wetland vegetation (see Table 1 and discussion of the Tilia decline below), to 
cause percentage reductions in dry land pollen types such as Ulmus, overlooked in many 
studies. 
Even when using a systematic approach to identify declines, the age estimates for the start 
of an Ulmus decline will be determined by the pollen sampling interval, the site specific rate 
of sediment accumulation, and the quality and placement of the radiocarbon dates 
themselves. Figure 4a shows the age-distribution of the dates calculated for the start of the 
genuine primary declines for sites which have sub-decadal, sub-50 year and sub-centennial 
sampling resolutions. This demonstrates that including declines from records that have 
sample resolutions of several hundred years increases the uncertainty. As the temporal 
sampling resolution is reduced (the years between samples increased) unsurprisingly a 
larger range of start dates is observed and our ability to assess the degree of synchronicity is 
correspondingly reduced. 
While the start date of the primary Ulmus decline is important to test hypotheses of 
synchronicity, the pollen sampling interval through the actual event is important in order to 
record, and identify, signals associated with the reduction of Ulmus values and to identify 
processes. The mean pollen sampling interval across sites designated as containing genuine 
primary Ulmus declines was 5.3±5.8 cm, with the average number of samples within the 
decline (from start to finish) 4.0±3.3 samples. When these sampling intervals are coupled 
with the generated age-depth models it provides an average sampling resolution of 70 years 
per pollen sample across the primary Ulmus decline sites in England (see Figure 4b). Only 
three sites have sufficient sampling resolution to distinguish and define declines of a length 
approaching that examined by Peglar (1993), with the site of Rimsmoor, Dorset (Waton 
1982), at sub-decadal resolution (average 7 years per sample), providing the most highly-
resolved record. When the temporal resolution of the sampling interval is plotted against 
the length of the Ulmus decline (see definition above), it can be seen that these are 
positively correlated (Figure 4c). Inconsistencies in the nature (abrupt/gradual) and 
estimated lengths of declines may then simply be a product of the variations in the sampling 
strategies used. In addition, where the sampling interval is very wide it is unlikely that there 
will be a record of the vegetation change that is actually associated with the decline but 
simply pollen samples that are located below and above (before and after), thus negating 
any ability to identify causal processes. 
Given these problems it is not surprising that the pollen stratigraphic changes associated 
with mid-Holocene Ulmus declines vary between sites. Attempts to understand other 
changes in vegetation composition which have both spatial and temporal components (e.g. 
post glacial tree colonisation, the adoption of arable agriculture) using the current dataset 
will be similarly constrained. For the Ulmus decline, further scrutiny of a restricted dataset 
might enhance our understanding of this change, but ultimately a larger pool of sites 
containing data collected using a consistent strategy (finely resolved with good 
chronological control) is probably required to determine both the nature of the mid-
Holocene Ulmus decline and its timing.  
[INSERT FIGURE 4 HERE] 
Interpretative complexities within pollen data 
Most investigations away from archaeological sites utilise sediment obtained from open 
waterbodies or peat derived from various in-situ plant communities. However, these 
deposits are rarely evenly distributed across the landscape of interest. Surprisingly, in view 
of the availability of suitable deposits within the British Isles (see below), the number of 
sites investigated is greater from the lowlands than uplands (Figure 5). Some sedimentary 
environments present particular interpretative challenges when attempting to determine 
the causes of change in the pollen record. Such challenges are illustrated below using 
examples from lowland England. 
[INSERT FIGURE 5 HERE] 
There are few natural lakes in lowland England and these are largely confined to the north-
west and East Anglia. A number of detailed pollen sequences have been constructed from 
the latter (e.g. Bennett 1983; Peglar 1993), though chronologies are often lacking, with the 
usually calcareous sediments difficult to date. Peat deposits are also rarer in lowland areas 
and, additionally, near-surface peat bodies have frequently been extensively cut with large 
amounts of material excavated since the Roman period. As a consequence of these 
difficulties a high proportion of the pollen data from lowland Britain derives from areas of 
former coastal wetland (e.g. the Humber estuary, the Fenland basin, the Thames estuary, 
Romney Marsh and the Somerset Levels; Figure 6). Here, during the mid-Holocene, 
eutrophic peats, which are indicative of high and rising groundwater levels, accumulated 
under the influence of slowly rising relative sea-level (Bradley et al. 2011; Shennan et al. 
2012). These have often been protected by the presence of overlying sediment and/or high 
groundwater levels. Such sediment comprises the remains of plants associated with both 
woodland (e.g. Alnus glutinosa and Salix) and herbaceous (e.g. Phragmites, Carex and 
Juncus) fen communities. With the in-situ vegetation and that of the adjoining dry land 
subject to both natural (e.g. as a result of water table movements and climate change) and 
anthropogenic (e.g. woodland clearance, grazing and fodder collection) processes, 
difficulties arise when attempting to interpret the pollen record in terms of distinguishing 
the areas affected and attempting to identify the underlying causes of change. 
[INSERT FIGURE 6 HERE] 
Three main challenges arise when interpreting pollen records from fen deposits. The first is 
distinguishing the source environment for many pollen types. As a consequence of the 
degree of taxonomic precision possible in pollen identifications, many of the herbaceous 
types used as indicators of anthropogenic habitats (e.g. Behre 1981), including Poaceae, 
Apiaceae, Chenopodiaceae, Rumex sp. and Artemisia-type, could also have been derived 
from plants growing within the wetland or nearby coastal habitats (e.g. saltmarsh). The 
separation of cereal from the pollen of wild Poaceae is particularly problematic. Most 
workers follow Andersen (1979) and allocate large Poaceae grains to categories which 
include wild grasses belonging to genera common in such environments (e.g. Glyceria and 
Leymus). Secondly, wetland taxa, notably Alnus glutinosa, are likely to be over-represented 
in the pollen record. With pollen data generally presented as percentages, changes in the 
composition of the local wetland community are likely to have a reciprocal influence on the 
percentage representation of taxa growing in dryland areas, even if there is no actual 
vegetation change in the latter. For this reason Alnus is often excluded from the pollen sum, 
though the further division of taxa to create separate wetland and dryland sums is, as 
noted, difficult. Thirdly, for sequences constructed from woody deposits, the source area 
from which the pollen derives will be small. Bunting et al. (2005) indicate a relevant source 
area (sensu Sugita 1994) on the order of 50–150 m for Alnus-dominated vegetation. Source 
areas for open vegetation are, however, likely to be significantly larger, with shifts in the in-
situ vegetation between woodland and herbaceous vegetation, therefore producing 
changes in the size of the area sensed within the pollen record. 
These difficulties and the approaches that have been adopted to overcome them are 
exemplified here through a discussion of declines in Tilia (lime) pollen. Tilia was an 
important component of the mid-Holocene woodlands of lowland England (e.g. Greig 1982; 
Huntley & Birks 1983) with the Tilia decline traditionally used to define the VIII (Sub-boreal) 
-IX (Sub-Atlantic) pollen zone boundary. Radiocarbon dating has demonstrated that this 
event was diachronous, with declines occurring from the Late Neolithic / Early Bronze Age 
onwards and, since the work of Turner (1962) they have generally been attributed to 
clearance activity. However, Tilia pollen is poorly dispersed and consequently pollen 
representation can be heavily influenced by local processes. Grant et al. (2011: and see 
Table 1) defined a number of ‘apparent’ and ‘genuine’ processes which may be responsible 
for Tilia declines in coastal wetlands. The division of Tilia declines recorded from lowland 
England into these processes is given in Figure 7. 
[INSERT FIGURE 7 HERE] [INSERT TABLE 1 HERE] 
One such process is paludification; the initiation of peat growth and the lateral expansion in 
peatlands consequent upon rising water levels (Crawford et al. 2003). An expansion in the 
wetland area, by increasing the distance between a pollen site and dry land source areas, 
can produce gradual declines in poorly dispersed Tilia pollen (paludification type I) that are 
liable to be misattributed to processes such as anthropogenic clearance (Waller 1994). At 
the base of peat profiles, waterlogging results in the disappearance of Tilia locally and its 
sequential replacement by taxa tolerant of increasing wetness (e.g. Quercus then Alnus 
glutinosa). Such Tilia declines (paludification type II) are easier to attribute due to their 
stratigraphic position. Other changes driven by wetland processes can also create declines 
in Tilia pollen which, when accompanied by lithostratigraphic changes (e.g. at transitions 
between clastic units and peats) are clearly ‘reciprocal’, reflecting changes in the relative 
contribution of the in-situ and dry land vegetation, and potentially also marked by variations 
in the input of reworked pollen and in pollen preservation. 
Most difficult to interpret are pollen stratigraphic signatures which appear to suggest 
simultaneous change in both wetland and dry land vegetation and therefore may arise from 
‘multiple causes’ (see Waller & Grant 2012). At many of the coastal and floodplain sites 
declines in Tilia pollen are accompanied both by increases in taxa regarded as 
anthropogenic indicators and by evidence for more open and apparently wetter local 
conditions. Grant et al. (2011) identified 22 such declines (Figure 8), demonstrating that this 
phenomenon is not uncommon. The operation of two separate processes at the same point 
in time (causing wetland and dry land change simultaneously) at so many sites is 
implausible. Simultaneous changes might, however, result from feedback processes within 
the landscape system, such as dry land woodland destruction producing a hydrological 
response (a rise in water levels and increase in the sedimentation rate would be expected) 
which alters the wetland communities. Alternatively, change in both areas could occur 
simultaneously as a consequence of one process (e.g. the clearance of both wet and dry 
woodland). 
[INSERT FIGURE 8 HERE] 
Rather than effectively accepting coincidence (‘multiple causes’), a number of approaches 
can be used to try to distinguish both the areas affected and between natural and 
anthropogenic processes. Here we discuss four of these, namely: improving the taxonomic 
precision of pollen identifications; using plant macrofossils to distinguish which taxa are 
locally present; multivariate statistical analysis; and modelling. 
With improved images and keys, the availability of high quality guides has made identifying 
pollen to a high taxonomic resolution easier in recent years (Seppä & Bennett 2003). Key 
herbaceous groups including Rumex and Apiaceae can be split further, though increased 
precision is not always ecologically informative (e.g. Rumex obtusifolius-type and Rumex 
sanguineus-type of Bennett (1994) both contain taxa associated with wetland and disturbed 
environments) or possible because of poor pollen preservation. However, the work of 
Küster (1988) can be used to divide large Poaceae grains so as to more effectively 
distinguish wild grasses from cereals (see Tweddle et al. 2005). Waller & Grant (2012) 
examined 765 such grains associated with declines in Tilia pollen that occur during the Early 
/ Middle Bronze Age at two sites (Ferry Lane and Tank Hill Road) in the Thames estuary. 
Only two grains matched the Küster (1988) criteria for Cerealia-type, questioning the use of 
such grains to associate these and other similarly aged declines in the Thames estuary with 
clearance for cultivation. The results are consistent with archaeological evidence that 
indicates arable activity on the Thames terraces did not become established until the Late 
Bronze Age (Guttmann & Last 2000; Yates 2001). Replication of this approach (e.g. Stevens 
et al. 2012) has confirmed these findings and demonstrated the need for much greater 
caution in the identification and interpretation of ‘cereal’ Poaceae grains in the pollen 
record from wetland sites. 
 
Plant macrofossils (seeds, fruits etc) can often be identified to species level and tend to be 
deposited close to source, so their occurrence is generally regarded as indicating a local 
presence. Such data can therefore considerably enhance the information obtained from a 
site by pollen analysis (Birks & Birks 2000). Waller & Early (2015) examined macrofossils 
from a coastal site beside Chalk downland at the Caburn near Lewes, East Sussex. Here, 
fluctuations in Tilia, Taxus baccata and in herbaceous pollen types had previously been 
regarded as indicative of early phases of dry woodland disturbance (Waller & Hamilton 
2000). The increases in herbaceous pollen were, however, shown to coincide with the 
macrofossil presence of wetland taxa included within the relevant pollen types (e.g. 
Eupatorium cannabium, Rumex crispus, Sium latifolium and Carex sp.), indicating they had a 
wetland origin. The macrofossil data also suggested that Taxus baccata grew within the 
wetland and Tilia close by and that their pollen representation was therefore also 
potentially subject to the influence of wetland processes. 
A number of multivariate statistical techniques are now commonly used to aid the 
interpretation of pollen data. Cluster analysis is usually employed to divide pollen 
assemblages stratigraphically into units with relatively homogeneous pollen contents (local 
pollen assemblage zones), while ordination techniques can be used to reduce the 
complexity of pollen data and identify associations between taxa (Birks & Gordon 1985). 
One such technique, Detrended Correspondence Analysis (DCA), ordinates the samples and 
taxa simultaneously, allowing the relationship between them to be explored. Waller & Grant 
(2012) used DCA to determine whether changes in the representation of taxa thought likely 
to be associated with wetland or dry land areas, in two pollen sequences from the Thames 
valley, were palynologically distinct (Figure 9). At both sites the sample data are consistent 
with the zonation defined through cluster analysis. DCA axis 1 separates samples with high 
tree pollen values from those with high herb/aquatic pollen values. Axis 1 of the species 
data also reflects this dichotomy. DCA axis 2 of the species data then separates the herbs 
providing an insight into whether changes occurring in wetland/dry land source areas can be 
effectively distinguished. At Ferry Lane, where there is a comparatively abrupt Tilia decline, 
the distribution of herb taxa along axis 2 fails to show strong groupings or ordering 
consistent with ecological preferences; taxa associated with open fen/aquatic 
environments, Filipendula and Sparganium emersum-type, are found to occupy the opposite 
extremes. This suggests that a distinct phase of dry land clearance cannot be recognised. At 
Tank Hill Road however, herb taxa associated with wetland (again Filipendula and 
Sparganium emersum-type) generally have high axis 2 scores and taxa associated with dry 
land disturbance (Pteridium aquilinum and Plantago lanceolata) have low axis 2 scores. This 
suggests that there is a distinct phase of dry land woodland clearance which, the sample 
scores suggest, is linked with one of the zone boundaries associated with an extended 
decline in Tilia. In a variation on the use of these techniques, Perez et al. (2015) combined 
ordination with cluster analysis, with the latter used to assign each site sample within the 
ordination to a cluster defined independently of stratigraphic position. This enabled the 
pollen source (e.g. coastal, wetland or open dry land) that each sample is most strongly 
influenced by to be distinguished. 
[INSERT FIGURE 9 HERE] 
Pollen signatures associated with changes in wetland and dry land environments have also 
been investigated using simulation studies (e.g. Bunting 2008). Using scenarios generated 
using the program Mosaic (Middleton & Bunting, 2004) within the HUMPOL software suite 
(Bunting & Middleton, 2005), Waller & Grant (2012) modelled a landscape with four 
components: wet woodland, dry land woodland, open marsh and open dry land. Scenarios 
were run by adjusting the wetland and dry land components both independently and 
simultaneously to simulate the effects of canopy reduction upon the pollen loading at 
sample locations situated at varying distances from a wet/dry boundary (Figure 10). The 
results suggested that changes in pollen assemblages are relatively minor when 50% of the 
wetland is open (Figure 10a), but when the wetland woodland is reduced to 10% there is a 
substantial increase in the representation of wetland herbs and dry land trees. In contrast 
extensive clearance in dry land areas will only produce relatively minor changes in pollen 
assemblages where fen carr is the in situ vegetation (Figure 10b). Increasing the distance 
between a pollen site and the wetland/dry land edge produced the expected decline in the 
representation of dry land taxa even though there was no actual change in the dryland 
vegetation (Figure 10c). Similar modelling approaches have been used to run experiments 
for a range of possible scenarios in order to identify landscapes that match those recorded 
in fossil pollen assemblages (e.g. Bunting & Middleton 2009; Caseldine & Fyfe 2006; Waller 
et al. 2012). 
[INSERT FIGURE 10 HERE] 
Various methods are thus available to help identify which habitats have undergone 
vegetation change and to distinguish between anthropogenic and natural processes. For the 
‘multiple causes’ Tilia declines from coastal lowland England, where the changes in pollen 
stratigraphy are abrupt, it seems that most can be attributed to the expansion of open areas 
within the wetland alone. That major reductions in Tilia pollen values are not good 
indicators of dry land vegetation change has implications not only for local studies but also 
for understanding regional patterns of human activity. Of the genuine Tilia declines 
identified by Grant et al. (2011), almost one-third of those attributed to anthropogenic 
activity and almost all those from floodplain/coastal wetland sites involve simultaneous 
changes in wet and dry land taxa and are therefore likely to have been misinterpreted. 
Conclusions 
There have clearly been significant advances in understanding past human activity over the 
last century as a result of the adoption of pollen analysis and developments in this and 
associated techniques. One major improvement has been in our ability to chronologically 
constrain pollen records, allowing us to investigate and quantify both the temporal and 
spatial scales of landscape change. Collation of the dated sequences from the British Isles 
demonstrates the wealth of the resource that is now available. However, systematic 
approaches to the analysis of this database are required in order to test extant hypotheses 
about the causes, extent, and timing of vegetation change and therefore past human 
activity. 
 
Given the typical number of dates per sequence available, it is critical that pollen analysts 
seek to improve chronological control in future studies. This needs to be emphasised in 
research agendas and delivered in both academic and developer-led research, though it is 
acknowledged that such opportunities are inhibited by funding opportunities. Attention 
should always be given to the dating strategy and the resolution of pollen analysis required, 
not only to answer the questions that may be most relevant in an individual study, but also 
to serve the wider research community. Open access to raw data is also an important 
consideration especially as the results are often (and particularly in journal publications) 
only released in a summarised format. 
 
In addition to the problems of generating more robust datasets are the complexities of how 
to interpret pollen data. Two dangers arise from the complexity of the data. Firstly, that the 
problems of complexity are ignored and interpretations are made to fit a favoured paradigm 
(e.g. Tilia declines are a product of human activity) with changes that do not fit seen as 
coincidental or ignored. Secondly, the conclusion is drawn that because similar pollen 
assemblages can be produced by a number of processes (equifinality), it is not possible to 
distinguish between these processes, thus denying any chance of improving our 
understanding of the roles played by either anthropogenic or natural processes. As 
previously indicated many of the Tilia and Ulmus declines from lowland England derive from 
coastal wetland sites and involve simultaneous changes in wetland taxa (Grant et al. 2011; 
Waller & Grant 2012). A better understanding of the nature and relative importance of the 
processes responsible, including human activity (e.g. the timing of clearance activity and 
subsequent importance of pastoral and arable activity), can only be obtained through an 
acceptance of these difficulties and by improving interpretations using techniques such as 
those previously described. Failure to embrace this will lead to the danger of simply 
replicating, and reinforcing, extant ideas. 
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 Table 1: The features associated with the processes responsible for declines in Tilia as 
defined by Grant et al. (2011). 
Discontinuities in sedimentation 
Dating evidence 
Abrupt changes in pollen stratigraphy 
Change in lithostratigraphy 
Change in sedimentary environment 
Change in lithostratigraphy (clastic to organic) 
Change in pollen preservation 
Decrease in reworked and secondary pollen  
Homogenous pollen stratigraphy in clastics  
Coastal processes 
Change from marine brackish clastic to organic 
sediments 
Fluvial processes 
Change from fluvial clastic to organic sediments 
Reciprocal changes in pollen representation 
Change in representation of wetland taxa or 
taxa tolerant of waterlogging included in the 
pollen sum 
Wetland processes 
Increases in Alnus glutinosa, Quercus, Cyperaceae, 
Calluna vulgaris / Ericaceae and Aquatics 
 
Common processes include Paludification and 
Marine inundation 
Paludification  
Associated with wide shallow valleys or coastal 
lowland areas 
 
Paludification type I 
Gradual decline in Tilia through time 
Expansion of basin margin identified through 
lithostratigraphic survey 
Paludification type II 
Lithostratigraphic change (basal clastic to organic) 
Increases in Quercus, Alnus glutinosa, Poaceae, 
Cyperaceae  
Marine inundation 
Associated with coastal lowland areas 
Decline immediately precedes / coincides with 
a transgressive contact 
Increase in Chenopodiaceae, Poaceae and 
reworked / secondary pollen 
Marine inundation type I 
Often a gradual decline 
Transitional lithostratigraphic change 
Pollen / macrofossil evidence of reedswamp / 
saltmarsh development 
Marine inundation type II 
Often a rapid decline 
Abrupt lithostratigraphic change with no evidence 
of the preceding development of  reedswamp / 
saltmarsh  
Human activity 
Increase in anthropogenic indicators  
 
Pastoral / Arable activity 
Increase in Poaceae  
Increase in anthropogenic indicators  
Increase in ‘Cereal’ pollen 
Pastoral activity 
Increase in Poaceae  
Increase in pastoral indicators (Plantago 
lanceolata, Rumex) 
No increase in ‘Cereal’ pollen 
Arable activity 
Increase in ‘Cereal’ pollen 
No increase in Plantago lanceolata  
Multiple causes 
Fits into two or more of the above categories 
 
Figures 
 
Figure 1: Distribution of dated pollen sequences, from lakes, peatlands and river valleys, across the 
British Isles. Irish data derived from IPOL (http://www.ipol.ie/; Mitchell et al. 2013). 
Figure 2: Number of pollen sequences radiocarbon dated from the British Isles, classified by their 
publication date within 5 year bin windows. 
Figure 3: Total number of radiocarbon dates associated with pollen sequences from the British Isles, 
divided into 5 year bin windows (based on publication date), with a plot of the average number of 
dates per study. 
Figure 4: Controls on defining the age and length of genuine primary Ulmus declines from lowland 
England. A: Distribution, and number, of primary Ulmus decline start dates when categorised by 
their temporal sampling interval (based upon 250 year timespan (bin) intervals). B: sampling interval 
(cm) across the Ulmus decline plotted against the interpolated temporal resolution of each sample. 
C: relationship between the temporal resolution of each sample and the length of the Ulmus decline.  
Figure 5: Division of radiocarbon dated pollen sequences between lowlands (below 200m OD) and 
uplands (greater than 200m OD) for the British Isles. 
Figure 6: Distribution of radiocarbon dated pollen sequences from coastal lowlands. A. Distribution 
of terrestrial areas less than 5m OD, equivalent to coastal wetlands. B: Distribution of dated 
sequences from below 5m OD. C: Histogram showing the distribution of sites in different altitudinal 
ranges for England and the remainder of the British Isles. 
Figure 7: Processes associated with Tilia declines recorded from lowland England. The processes are 
defined in Table 1. 
Figure 8: Temporal distribution of Tilia declines attributed to human activity and multiple causes. 
Figure 9: Scatter plots of the DCA axis 1 versus axis 2 species scores for the (a) Tank Hill Road and (b) 
Ferry Lane pollen assemblages (redrawn from Waller & Grant 2012). The analysis was performed on 
all taxa recorded at>1% of a Total Pollen (TP) + spores sum with taxa occurring at 1–3% TP + spores 
down-weighted. 
Figure 10: Results of pollen modelling to aid identification of changes in wetland and dryland 
vegetation in pollen data (redrawn from Waller & Grant 2012). Scenario A: reducing wetland 
woodland (from 90 to 10% of wet area). Scenario B: reducing dry land woodland (from 90 to 10% of 
dry area). Scenario C: wetland expansion (sample points at 10, 110 and 210m from the dry land edge 
situated within a 50% wooded/open wetland). 
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